Numerous gene and cell therapy strategies are being developed for the treatment of neurodegenerative disorders. Many of these strategies use constitutive expression of therapeutic transgenic proteins, and although functional in animal models of disease, this method is less likely to provide adequate flexibility for delivering therapy to humans. Ligand-inducible gene expression systems may be more appropriate for these conditions, especially within the central nervous system (CNS). Mifepristone's ability to cross the blood-brain barrier makes it an especially attractive ligand for this purpose. We describe the production of a mifepristone-inducible vector system for regulated expression of transgenes within the CNS. Our inducible system used a lentivirus-based vector platform for the ex vivo production of mifepristone-inducible murine neural progenitor cells that express our transgenes of interest. These cells were processed through a series of selection steps to ensure that the cells exhibited appropriate transgene expression in a dose-dependent and temporally controlled manner with minimal background activity. Inducible cells were then transplanted into the brains of rodents, where they exhibited appropriate mifepristone-inducible expression. These studies detail a strategy for regulated expression in the CNS for use in the development of safe and efficient gene therapy for neurological disorders.
INTRODUCTION
Numerous strategies using gene and cell therapy are being developed for the treatment of neurological disorders. To date, the majority of these strategies have used constitutive expression of therapeutic proteins in animal models of these disorders. Although this approach has shown promise in the laboratory, its future application in humans may be more limited because of the wider range of presentations associated with human disease and the variability of therapeutic responsiveness. For example, constitutive expression of therapeutic proteins at one concentration may benefit some patients, but produce unexpected side effects or a lack of benefit in others. Furthermore, non-regulated expression cannot be adjusted as individuals respond to therapy or have progression of their disease. 1, 2 Because of these limitations, inducible gene expression systems may provide a more flexible and effective method to express therapeutic proteins within the central nervous system (CNS).
Several ligand-inducible systems have been developed for gene expression (e.g., the tetracycline, ecdysone, chemical inducer of dimerization and mifepristone (MFP) systems). 3 These systems use orally bioavailable ligands to activate engineered transcription factors for induction of transgene expression and have been successfully used in vitro and in animal models. Nevertheless, in order for them to be clinically applicable for human CNS disorders, these systems require several specific qualities. The inducible system should provide a wide range of dose-dependent transgene expression with negligible background activity. It should be composed mainly of human components to minimize immunogenicity, while also avoiding transgenic elements that have undesirable interactions with endogenous proteins or nucleic acids. Finally and most importantly, to be functional in the CNS, the activating ligand must be readily permeable to the blood-brain barrier.
The MFP-inducible gene expression system possesses many qualities that make it attractive for use in the CNS. This system uses a predominantly human-based synthetic nuclear hormone receptor (SWITCH) that binds and is activated by MFP to induce target gene expression from promoters possessing GAL4 upstream activating sequences (UAS). 4 This induction has very low basal activity and activates expression within hours of MFP exposure at concentrations 100-1000-fold less than those used in anti-progestin and anti-glucocorticoid therapies. [5] [6] [7] [8] Of particular importance, MFP readily crosses the blood-brain barrier because of its amphiphilic steroid properties. Thus far, MFP-inducible expression has been used successfully in stable cell lines, viral delivery systems and zebrafish. [7] [8] [9] [10] [11] [12] [13] Inducible expression has also been observed in the CNS of transgenic animals. 14 Of note, in the absence of selective pressure or intrinsic failsafe mechanisms, inducible systems will likely have some compromised fidelity. When fidelity is required, inducible systems should include strategies to cull cells constitutively expressing their transgenes in the absence of ligand, while also providing a selective advantage to cells exclusively activated by ligand exposure. These selection methods have faced some challenges and at this time cannot be safely used during direct viral infection of the CNS. Therefore, systems amenable to an ex vivo selection strategy before cell transplantation may provide the best means for effective and inducible CNS expression and therapy.
We report the development and characterization of murine neural progenitor cells (mNPCs) with MFP-inducible gene expression as a novel approach to CNS gene therapy. These inducible mNPCs were transduced in vitro with lentiviral vectors and were subjected to a selection strategy that ensured appropriate and flexible transgene expression. In vitro studies showed that the cells had MFP-inducible transgene expression that was dosedependent, temporally controlled and capable of repeated activation and deactivation. In vivo, the system continued to have appropriate and inducible transgene expression following cell transplantation into rodent brain. Taken together, these results indicate that the MFP-inducible system is a strong candidate for use in the regulated delivery of therapeutic proteins to the CNS.
RESULTS

Vector design and strategy for the generation of MFP-inducible NPCs
The MFP system contains two basic components, a SWITCH locus and a TARGET locus, which were packaged into two separate self-inactivating lentiviral vectors 15 for in vitro delivery to mNPCs ( Figure 1a ). SWITCH vectors were used to express the chimeric nuclear receptor SWITCH, which consists of a truncated human progesterone receptor ligand-binding domain, the transcriptionaltransactivation domain of human nuclear factor-κB-p65 and the DNA-binding domain of the yeast GAL4 transcription factor. 5 SWITCH binds MFP (but cannot bind progesterone) and subsequently activates transcription from promoters possessing Gal4 UAS elements. 4, 5 SWITCH vectors had the SWITCH gene linked via an internal ribosome entry site (IRES) 16 to a selectable-marker gene (e.g., antibiotic-resistance genes or fluorophores) (Figure 1a ). Auto-inducible expression of the SWITCH protein in mNPCs was driven by a promoter containing the second intron enhancer of the rat nestin gene 17 linked to UAS elements and a minimal thymidine kinase promoter (Figure 1 ). Concurrently, TARGET vectors were used for the inducible expression of TARGET transgenes in the presence of an MFP-activated SWITCH protein.
These vectors possessed an MFP-responsive (UAS-containing) promoter upstream of two transgenes linked via an IRES (Figure 1a ). These bicistronic vectors gave the system the capability to link the expression of a therapeutic gene-of-interest to a selectable-marker gene capable of both negative and positive selection (although the expression of the 3′ cistron is reduced with several IRES elements; see Materials and methods section). Of note, as these studies were proof-of-principle investigations to evaluate the fidelity of the system, we used a TARGET vector expressing two fluorophore proteins.
MFP-inducible mNPCs were generated in a stepwise manner. The initial steps consisted of the in vitro lentiviral infection of mNPCs with a SWITCH vector and subsequent selection of these putative SWITCH-expressing (SWITCH+) mNPCs using the selectable-marker gene in the second cistron of the vector. Once generated, these SWITCH+ mNPCs were infected with a TARGET vector and then underwent multiple rounds of negative and positive selection for enrichment of mNPCs that optimally expressed the system (Figure 1b) . Negative selection involved the collection of NPCs not expressing TARGET transgenes in the absence of MFP, while positive selection involved the collection of NPCs expressing TARGET transgenes during MFP treatment (Figure 1b) .
MFP-dependent auto-inducible expression of the SWITCH locus in NPCs As most steroid receptors undergo activation-dependent degradation, 18, 19 we ensured sufficient steady-state levels of cellular SWITCH protein were sufficient by using auto-inducible promoters in the SWITCH vectors. These vectors were similar in design, but used different selectable markers for selective enrichment of SWITCH+ cells. Vector 6A possessed the enhanced green fluorescent protein (eGFP) 20 gene for selection with fluorescence-activated cell sorting (FACS), while vector 6B contained a hygromycin-resistance (Hygro R ) 21 gene for antibiotic selection (Figure 2a ). Murine NPCs derived from the subventricular zone (and enhanced for increased cell migration and survival by constitutive expression of EGFRvIII (see Materials and methods section for further details)) were infected in vitro with either vector 6A (6A-NPCs) or vector 6B (6B-NPCs) and subsequently selected. Western blots were used to evaluate the relative quantity of SWITCH protein in 6A-or 6B-NPCs in the presence or absence of MFP. MFP-treated 6A-mNPCs exhibited increased eGFP expression, indicating that the locus was inducible with MFP ( Figure 2b) ; however, MFP-treated 6A-and 6B-NPCs also exhibited a paradoxical reduction in SWITCH protein levels (Figure 2b) , indicating that the reduction in the SWITCH was likely the result of activationdependent degradation similar to what occurs with other nuclear hormone receptors. 18, 19 This phenomenon was evident in all subsequent evaluations.
MFP-dependent expression of the TARGET locus in NPCs and the effects of selection TARGET vector 6D contains two transgenes, monomeric DsRed 22 and eGFP 20 ( Figure 3a) , and was used to infect 6B-NPCs (6B6D-NPCs). Several rounds of alternating negative and positive selection via FACS were used to obtain MFP-inducible 6B6D-NPCs (Figure 1b) . Interestingly, the final round of selection, either negative or positive, was found to influence the subsequent expression characteristics of 6B6D-NPCs (Figures 3b and c) . As such, we defined cells that were negatively selected in their final round of selection as undergoing a 'stringent' protocol, whereas 6B6D-NPCs treated with a final round of positive selection underwent a 'relaxed' protocol ( Figure 3c ). To define each cell's transgene expression as either being 'on' or 'off', we established a threshold value of flow cytometry fluorescence intensity below which 499.9% of untreated 'stringent' 6B6D-NPCs resided. This threshold intensity value (log 10 = 3.8 (arbitrary units)) was equal for both DsRed and eGFP, and the percent of each cell population above this threshold was ascertained for each selection protocol in the presence or absence of MFP (Figures 3b and c) . This threshold was also used later to evaluate the dose-dependent transgene expression of the 6B6D-NPCs (Figure 4g ) and the effects of repeated transgene activation and inactivation (Figures 5f and h ). In the absence of MFP, the 6B6D-NPC population subjected to the 'stringent' protocol had fewer cells with basal fluorescence activity or background for DsRed and eGFP (0.04% and 0.05%, respectively) than 6B6D-NPCs that underwent the 'relaxed' protocol (1.02% and 1.55%, respectively) (Figures 3b and c) . These results indicate the 'stringent' protocol produces a cell population with somewhat less basal transgene activity in the absence of MFP, compared with those passed through the 'relaxed' protocol. While in the presence of MFP, 6B6D-NPCs subjected to the 'relaxed' protocol had a greater proportion of the cell population with inducible expression above our threshold for DsRed and eGFP (77.36% and 60.51%, respectively) than 6B6D-NPCs derived from the 'stringent' protocol (58.81% and 39.01%, respectively) (Figures 3b and c) . Taken together, these data indicate that the 'relaxed' protocol generated a population of 6B6D-NPCs with higher MFP-inducible expression compared with those treated with the 'stringent' protocol, while basal expression was less in 6B6D-NPCs that underwent the 'stringent' protocol.
MFP dose-dependent expression of target transgenes in vitro 'Stringent' 6B6D-NPCs were exposed to a range of MFP concentrations in vitro (10 − 12 -10 − 8 M) and transgene expression was evaluated by western blot, flow cytometry and immunocytochemistry (Figure 4) . MFP-treated mNPCs had healthy morphology and no obvious differences in their growth rates. Western blot analysis showed a dose-dependent increase in both DsRed (Figures 4a and c) and eGFP protein levels (Figures 4a and d) . This increase in DsRed and eGFP expression was further supported by results with flow cytometry (Figures 4e-g ) and immunocytochemistry ( Figure 4h ). Taken together, these data indicate that our selection strategy was highly efficient at deriving inducible cells in vitro.
TARGET transgene expression can be repeatedly activated and inactivated We next investigated whether the MFP-inducible NPC system could be repeatedly activated and deactivated in vitro. Transgene expression was evaluated by western blot and flow cytometry using 'stringent' 6B6D-NPCs after they were subjected to repeated MFP exposure and withdrawal ( Figure 5 ). To study transgene activation, cells were grown without MFP for 96 h (non-pretreated) and were then either treated with 10 − 8 M MFP or maintained without MFP for 48 or 96 h (Figures 5a-d This decrease was a result of activation-dependent degradation. SWITCH protein was detected using an anti-nuclear factor-κB (NF-κB) antibody, an anti-β-actin antibody was used to show equivalent loading of protein lysates. LTR, long terminal repeat. To further understand MFP-dependent activation and deactivation, target gene expression was evaluated by flow cytometry over three cycles of MFP treatment and withdrawal (Figures 5e-h ). Boxand-whisker plots were used to visualize the distribution of cells emitting DsRed (Figure 5e ) and eGFP fluorescence (Figure 5g ) within a single 21-day experiment. Both fluorophores showed robust increases in intensity after each 48 h MFP treatment (days 2, 9 and 16), followed by a reduction in fluorescence 48 h after MFP withdrawal (days 4, 11 and 18) and a subsequent decrease to approximately baseline levels 120 h after MFP withdrawal (days 7, 14 and 21) (Figures 5e and g ). The percentage of cells above our previously defined intensity threshold was determined and used to calculate the mean and standard deviation between experiments (at each timepoint) and were also used for statistical analysis (Figures 5f and h ). On day 0, the percent of 6B6D-NPCs with DsRed and eGFP fluorescence above the threshold was minimal (ranging between 0.00-0.05% and 0.02-0.05%, respectively; Figure 5f ). Exposure of MFP for 48 h (days 2, 9 and 16) consistently produced a robust increase in the percent of cells expressing both DsRed (69.85-84.68%; Figure 5f ) and eGFP (28.37-44.30%; Figure 5h ) and the mean percentages from each of these timepoints was significantly greater than day 0 (Po0.01 to o0.0001). Following 48 h of MFP withdrawal (days 4, 11 and 18), there was a consistent and marked decrease in the average percentage of cells expressing both DsRed (9.07-28.82%; Figure 5f ) and eGFP (1.53-2.38%; Figure 5h) ; however, the majority of these timepoints were still significantly greater than day 0 (Po0.05 to o0.001). This indicates that, in vitro, 48 h of MFP withdrawal was insufficient for the population to completely return to baseline levels; however, 120 h of MFP withdrawal (days 7, 14 and 21) was sufficient for both DsRed (0.12-0.37%; Figure 5f ) and eGFP (0.00-0.10%; Figure 5h ).
In vivo MFP-inducible target transgene expression after cell transplantation The in vivo activity of our system was evaluated by performing stereotactic injections of 'relaxed' 6B6D-NPCs into the brains of nude rats ('relaxed' cells were used because of their higher levels of inducible expression would provide us with a broader range of fluorescence detection for these initial animal studies). 1, 23 Three days before cell transplantation, rats were subcutaneously implanted with timed-release pellets containing either placebo or MFP. 8 In each rat, non-pretreated 6B6D-NPCs were injected into the left hemisphere and MFP-pretreated 6B6D-NPCs were injected into the right hemisphere. This allowed evaluation of transgene activation in non-pretreated cells in MFP-treated animals as well as deactivation of MFP-pretreated cells in placebo-treated animals. The animals tolerated the procedure and MFP treatment well and Fluorescence intensities (arbitrary units) of both DsRed and eGFP were evaluated by flow cytometry using 10 000 cells as input (before gating). Positive and negative selection steps were performed with FACS. Cell populations were obtained after a final sort using either a (b) negative selection (stringent) protocol or (c) positive selection (relaxed) protocol. These populations were evaluated for fluorescence intensities in the absence (− ) or presence (+) of MFP. Dotted lines in scatter plots of DsRed/eGFP intensities represent our definitive threshold value (log10 = 3.8) for positive expression of these fluorophores. Bar graphs represent the percent of the cell population that was above this threshold value (log10 = 3.8) for both eGFP and DsRed with either stringent (b) or relaxed (c) protocols. LTR, long terminal repeat.
were killed 10 days after cell transplantation. Histological inspection of the brains revealed that DsRed was easily observable without immunocytochemistry, whereas eGFP required anti-GFP immunocytochemistry for visualization (data not shown; there were also no overt tumors). Because of this pattern, we could use an anti-nestin primary antibody conjugated to a green fluorophore (results are shown as a white channel) to detect the grafts in all rats, as this coreacted with both infiltrating endogenous nestin-positive reactive cells around the graft 24, 25 and (to a lesser extent) the transplanted 6B6D-NPCs. Conversely, an anti-DsRed antibody was used to further amplify and analyze the MFP-inducible transgene expression of our cells in vivo (Figures 6-8) .
First, we performed qualitative analysis comparing placebo-and MFP-treated rats ( Figure 6 ). Visual inspection showed no appreciable difference in DsRed fluorescence intensities between the left and right hemispheres of the same rat, indicating that transgene expression at that timepoint was because of the in vivo treatment rather than the in vitro pretreatment (Figures 6a-d) . These results were further confirmed by CellProfiler 26 analysis of the fluorescent intensity ratio of the right/left hemispheres from several rats (Supplementary Figure S1 ). All sections analyzed showed approximately the same 1:1 ratio between the two hemispheres of the same rat. Visual comparisons between placebo-and MFP-treated rats revealed a marked increase in DsRed expression and fluorescence with MFP treatment, which was even more obvious with DsRed immunostaining (Figure 6 ). Of note, each transplant site had a collection of cells in the graft core that emitted a low level of red fluorescence regardless of treatment with placebo or MFP; this signal was observed in cells with a spherical morphology and likely represents dead cells within the core of the transplant site (Figures 6e and g ) 27 In contrast, only MFP-treated rats had NPCs with a much higher level of red fluorescence intensity and also the spindle-shaped morphology of viable NPCs (Figures 6f and h) .
We next performed ImageJ 28 analysis comparing brain grafts of placebo-and MFP-treated rats ( Figure 7 ). Images were selected based on section and image quality irrespective of hemisphere, as this variable was previously determined to have no noticeable effect (Supplementary Figure S1) . Grayscale images of nestinpositive cells indicated each section had similar levels of nestin immunoreactivity (Figure 7a ), which was also evident with thermal LUT transformation (Figure 7a ). Plots of gray values across the nestin grayscale image showed similar levels of nestin signal intensities between the two groups ( Figure 7c) ; similarly, surface plots from the thermal LUT images showed similar staining patterns and intensities (Figure 7d ). These results support the conclusion that similar graft sections or images were chosen for (e and f) Box-and-whisker plots of fluorescence intensities (arbitrary units) of target genes measured by flow cytometry using 10 000 cells as input (before gating). A dose-dependent increase in both DsRed (e) and eGFP (f) was observed following MFP exposure. (g) Bar graphs represent the percent of the cell population that was above our threshold value (log10 = 3.8) for both eGFP and DsRed. (h) Immunocytochemistry and epifluorescent imaging analysis of target gene expression following MFP exposure. Images represent antibody-amplified DsRed expression (red) and the nuclear counterstain DAPI (blue), or antibody-amplified eGFP expression (green) and the nuclear counterstain DAPI (blue). Scale bars = 50 μm. NF-κB, nuclear factor-κB.
analysis between groups. Grayscale images of DsRed-positive areas demonstrated an obvious difference in transgene expression between the placebo-and MFP-treated rats, which was further supported after image transformation (Figure 7b ). Plots of gray values across the DsRed grayscale image revealed increased fluorescence in the MFP-treated rats in comparison with the values in the placebo group; this difference was also evident in surface plots from the thermal LUT images (Figure 7f) .
Finally, CellProfiler 26 was used to quantitate the number of DsRed-positive mNPCs in regions with a large cluster of endogenous nestin-positive reactive cells 24, 25 (Supplementary Figure S2) . By quantifying the nestin and DsRed signals adjacent to the transplant site, this analysis allowed for single-cell identification as well as eliminating potential concerns associated with autofluorescent material within the graft cores. 27 Nestin immunoreactivity was not significantly different between treatment groups with regard to: (1) total image area, (2) the number of nestin-positive cells or (3) signal intensity (Figures 8a, b and f). In contrast, there were significantly more DsRedpositive cells identified in MFP-treated rats than the placebo group (Figures 8c-e) . Similarly, DsRed signal intensity identified through CellProfiler was also significantly higher in MFP-treated rats (of note: this amount does not reflect 'fold induction' as this technology is not adequately sensitive to precisely measure protein expression (i.e., it is not as sensitive as FACS or western blot for this value)) (Figure 8g ). Overall, both automated and visual examination of the graft regions, as well as quantitative analysis of migrating mNPCs, support our conclusion that an NPC-based MFP-inducible system can effectively regulate gene expression in the CNS.
DISCUSSION
We have modified and adapted the MFP-inducible system and shown its successful function in mNPCs, thereby generating a promising ex vivo system for use within the CNS. Correlating with previously published results, 5 our inducible mNPCs were responsive to MFP over several orders of magnitude, with the broadest range of expression observed across a 100-fold dosage range (10 − 11 -10 − 9 M; a range not associated with antagonism of the progesterone or glucocorticoid receptors). Importantly, we also found that the system was capable of repeated activation and deactivation to permit flexible gene delivery. Experiments also quantifiably indicated that an autoinduction loop within the SWITCH locus may be the best means of expressing the nuclear receptor because of its use-dependent degradation. This also enabled us to express the nuclear receptor at relatively low baseline levels (reducing chances of any potential toxicity when idle) and then increase SWITCH expression when it was needed to activate the TARGET locus. Interestingly, our results indicate that this degradation was also dose-dependent and temporally controlled. These studies indicated that the steady-state SWITCH protein levels had the potential to drop precipitously during activation, with autoinduction providing an adequate increase in expression for stable steady-state levels of SWITCH protein to be available in the presence of MFP.
Our system contained a bicistronic TARGET vector designed for coexpression of a therapeutically relevant gene-of-interest along with a selectable-marker gene. For these initial proof-of-principle studies, we used a TARGET vector coexpressing monomeric DsRed 22 and eGFP, 20 which were used for negative and positive selection steps, as well as the evaluation of TARGET transgene expression in vitro and in vivo. The results indicated that these selection strategies markedly enhanced the fidelity of the system; nevertheless, we found that the final selection criteria still had an influence on the expression dynamics of these polyclonal NPC populations. Although FACS was used for both selection steps in the current strategy, future strategies to increase fidelity could include TARGET vectors with selectable markers such as thymidine kinase 29 (for negative selection) and/or other antibiotic-resistance genes 21 (for positive selection). At this time, none of these selection methods can be efficiently or safely used with direct viral infection of endogenous neural cells within the CNS. As such, our cell-based gene therapy approach, amenable to ex vivo selection steps and extensive characterization before CNS transplantation, may provide the best means to safely and efficiently induce therapeutic gene expression in the brain. Of course, when a treatment requires less rigorous fidelity, this system may be altered to accommodate those needs. These investigations provided basic proof-of-principle with fluorescent markers as an important first step towards future studies that may include vectors expressing therapeutic transgenes such as neurotrophic factors and other secretory proteins with neuroprotective effects. 1, 23, [30] [31] [32] Neural progenitor cells have many qualities that make them attractive vehicles for use within the CNS. Substantial evidence indicates that NPCs transplanted into animal models of disease are able to survive, differentiate and integrate into the damaged parenchyma. [33] [34] [35] [36] [37] [38] [39] [40] [41] Furthermore, NPCs expressing therapeutic proteins have been successfully transplanted into animal models of neurodegenerative disease with amelioration of symptoms and pathology. [30] [31] [32] [33] [34] [35] By incorporating a nestin-enhancer element into the SWITCH vectors, we were better able to optimize their use in our mNPCs. 17 Although this facet of the system is not an obligatory element for the expression of the SWITCH vector in NPCs, it enabled us to enhance the basal expression of the SWITCH protein in NPCs compared with other differentiated neural cells (Supplementary Figure S3) . Murine NPCs were used for these initial studies because they are easier to manipulate and expand, and EGFRvIII expression was added to enhanced survival of transplanted NPCs in unlesioned brains; nonetheless, human NPCs (that do not need to be engineered with EGFRvIII) are an obvious clinically relevant cell type for future studies. While the availability and diversity of tissue-derived human NPC lines are limited, induced pluripotent stem cells and induced neural progenitor cells [41] [42] [43] [44] [45] [46] may provide additional options for introducing the system into patient-specific cells for personalized therapy.
Finally, we demonstrated that this MFP-inducible system functions both in vitro and in vivo within the brain. The induction of expression within the brain is particularly important for potential CNS gene therapy. Future studies of this system's capacity to deliver inducible therapy may include in vivo studies in animal models of neurodegenerative disease and direct experimental comparisons with other inducible methods (e.g., tetracycline). Additional in vivo variables will need to be systematically evaluated to further elucidate the MFP-system's specific clinical requirements, including MFP dosage, exposure time, repeated exposure and withdrawal, and the stage of disease, as well as any specific issues regarding the system's use in clinically applicable cells lines (e.g., the propensity for these cell lines to undergo differentiation and tumorigenicity and the resultant effects on this system). Overall, our results confirm that the MFP system is a valuable tool for CNS therapeutic delivery and complement ongoing strategies to use NPCs for the CNS delivery of therapeutic proteins for neurodegenerative disorders.
MATERIALS AND METHODS
Lentiviral vectors for MFP-inducible expression
The Lentilox 3.7 (LL3.7) lentiviral backbone (gift from Tyler Jacks Lab, Cambridge, MA, USA) was used to produce self-inactivating vectors containing the MFP-inducible system. 47 The GeneSwitch system was purchased from Invitrogen (now Life Technologies, Grand Island, NY, USA), and both the regulatory plasmid (pSwitch) and inducible expression plasmid (pGene/V5-His) were used and genetically modified as part of our various SWITCH and TARGET vectors, respectively. 5 Briefly, our SWITCH vectors (6A and 6B) were modified to contain the second intron enhancer of the rat nestin gene 17 (from plasmid pTYNestinHSP68-eGFP; gift from Steven Goldman Lab, Rochester, NY, USA); this element was introduced upstream of six copies of the UAS (from GeneSwitch plasmid pGene/V5-His) linked to the minimal herpes simplex virus thymidine kinase promoter and SWITCH protein coding sequence (both from GeneSwitch plasmid pSwitch). The SWITCH protein and a selectable-marker gene were transcriptionally linked via a poliovirus internal ribosomal entry site (IRES) element 16 (from plasmid pHPIS; gift from Hansjorg Hauser Lab, Braunschweig, Germany). Vector 6A possessed the eGFP gene in its 3′ cistron (from plasmid pLL3.7; gift from the Tyler Jacks lab), whereas Vector 6B contained a hygromycin-resistance gene (from GeneSwitch plasmid pSWITCH) in this position. TARGET vector 6D was generated to contain similar UAS and minimal promoter elements as the SWITCH vectors (UASx4 and minimal thymidine kinase; both from GeneSwitch plasmid pSwitch); however, downstream of the MFP-inducible promoter, the locus was engineered to contain the coding sequences of two fluorophores, monomeric DsRed 22 in the 5′ cistron (from plasmid pDsRedMonomer-C1; Clontech) and eGFP 20 in the 3′ cistron (from plasmid pLL3.7) linked via the same poliovirus IRES (note: cDNAs translated with a poliovirus IRES are known to be produced at 20-30% of those translated by a 5′ cap-mediated mechanism). All of the generated vector plasmids were evaluated by transient transfection in HEK293T cells before production of the virus to assay expression of individual transgenes (data not shown). Lentivirus was produced using the ViraPower Lentiviral Packaging Mix (Life Technologies) according to the manufacturer's instructions. Media containing lentiviral particles were collected, clarified and concentrated by centrifugation with Amicon 100 kDa filters (Millipore, Billerica, MA, USA). Viral titers were determined with the Global UltraRapid Lentiviral Global Titer Kit (System Biosciences, Mountain View, CA, USA) as per the manufacturer's instructions; quantitative PCR was performed on the Applied Biosystems 7900HT Fast Real-Time PCR System (Life Technologies).
Murine NPC culture and lentiviral infections All animal work was approved by the International Animal Care and Use Committee (IACUC) of the Children's Hospital of Philadelphia and CedarsSinai. All tissue culture flasks were precoated with 10 μg ml − 1 poly-D-lysine (Sigma-Aldrich, St Louis, MO, USA) overnight at room temperature and rinsed two times with phosphate-buffered saline (PBS) before use. Murine primary neural progenitor cell lines were generated as described previously (see Supplementary Methods for further details) 48 and maintained in 'mNPCmedia' consisting of Dulbecco's modified Eagle's media (Life Technologies) Figure 8 . Statistical analysis of transplanted MFP-inducible 6B6D-NPCs adjacent to the graft site in multiple rats. Immunoreactivity of 6B6D-NPCs migrating through regions near the graft site was compared in placebo-versus MFP-treated rats (N = 3). Brain sections were identified that contained a dense cluster of endogenous nestin-positive reactive cells that were adjacent to, but did not include, the core of the graft site to quantitate DsRed immunoreactivity without the confounding effects of autofluorescence in the graft core. To verify that similar sections were chosen for statistical analysis, images were evaluated (and normalized) for nestin immunoreactivity by both cell counts and image intensity, and DsRed immunoreactivity of each section was also quantitated. (a-g) CellProfiler software image and cell quanification analyses of immunoreactive intensities for the (a) mean percent of each image area with nestin immunoreactivity in each group (P = 0.9586), (b) the mean number of nestin objects (cells) that were counted in each group (P = 0.4023), (c) the mean number of DsRed objects (cells) that were counted in each group, (d) the mean number of DsRed cells, normalized to the percent image area that had nestin reactivity (data from c/a) in each group, (e) the mean number of DsRed cells, normalized to the number of nestin objects (data from c/b) in each group, (f) the mean fluorescence intensity of the nestin images in each group and (g) the mean fluorescence intensities of the DsRed objects (cells) in each group. Error bars represent mean ± s.d. (N = 3) . Parametric t-tests comparing rats given placebo versus MFP are shown for each analysis. *P o0.05, **Po 0.01 and ****Po0.0001.
containing 1% fetal bovine serum, 1% N2 supplement, 2 mM L-glutamine, 1% penicillin/streptomycin (Life Technologies) and 20 ng ml − 1 basic fibroblast growth factor (Promega, Madison, WI, USA) in a 37°C and 5% CO 2 incubator. mNPCs were infected with lentiviral vector pTY-EF-EGFRvIII for constitutive expression of the human EGFRvIII variant of the epidermal growth factor receptor. This variant has been shown to enhance cell survival and motility after transplantation into the unlesioned murine CNS. 49 Vector pTY-EF-EGFRvIII was generated with the pTY-linker plasmid (gift from the NIH AIDS Reagent Program, Germantown, MD, USA) using the human EF1α promoter to express the EGFRvIII (gift from the Webster Cavenee lab (San Diego, CA, USA) and the Ludwig Institute for Cancer Research, San Diego, CA, USA); virus was generated as described previously. Cells were expanded after infection and live cells were stained with a mouse anti-human EGFR antibody (1:500, Ab-10, ab231; Labvision, Kalamazoo, MI, USA) and a goat anti-mouse secondary antibody (1:500, Alexa Fluor 488, A-11001; Life Technologies). Positively stained cells were sorted and collected by FACS using a FACSVantage SE cell sorter (BD Biosciences, San Jose, CA, USA) (data not shown). EGFRvIII+ mNPCs were used in all experiments; unfortunately, the mouse anti-human EGFR antibody used for FACS did not robustly stain transplanted cells in vivo and could not be used to localize transplant grafts. This murine cell line was not authenticated short tandem repeat analysis, karyotyping or tested for mycoplasma contamination before experimentation.
Lentiviral infections were all carried out in 24-well plates coated with 10 μg ml − 1 poly-D-lysine (Sigma-Aldrich). Cells were plated at~5 × 10 4 cells per well one day before lentiviral transductions. Lentivirus stock was pipetted into NPC media (without fetal bovine serum and antibiotic) to add to cells at a multiplicity of infection of 5-15. Cells were incubated with virus for up to 24 h and fresh media were exchanged before cell line expansion. mNPCs were first infected with one of our SWITCH vectors (6A or 6B); these cells were then expanded and selected by FACS or resistance (see below). After selection, SWITCH+ mNPCs (6A-NPCs or 6B-NPCs) were expanded and tested for SWITCH expression (see below). 6B-NPCs were then reinfected with our TARGET vector (6D) and a series of fluorophore-based FACS selections were carried out to isolate MFP-inducible NPCs (see below).
Fluorophore and antibiotic-based selection mNPCs infected with vector 6A (6A-NPCs) were treated with 10 − 8 M MFP (Life Technologies) for 3-4 days to amplify eGFP expression before FACS. Cells were incubated in 2 ml of 0.05% trypsin (Life Technologies) in PBS for 15-20 min at 37°C and the reaction was stopped by the addition of 1 ml of fetal bovine serum (HyClone; GE Healthcare, Logan, UT, USA). 6A-NPCs were then resuspended in 2 ml of 0.125 mg ml − 1 of DNase I (SigmaAldrich) in PBS for 10 min and eGFP+ cells were collected by FACS using the FACSCalibur system and CellQuest software (BD Biosciences). All cells were collected in a non-clonal manner for expansion and so represent polyclonal cell lines. These non-clonal cells were then expanded to generate protein lysates for western blot analysis of SWITCH protein and eGFP expression. Cell stocks were frozen by cryopreservation in 10% dimethyl sulfoxide (Sigma-Aldrich).
mNPCs infected with vector 6B (6B-NPCs) were treated with 10 − 8 M MFP for 3-4 days for transgene expression before selection with hygromycin (150-400 μg ml − 1 ; Life Technologies) over 1-2 weeks. Surviving 6B-NPCs were continually grown in the presence of 100 μg ml − 1 hygromycin for all subsequent experiments. Hygromycin-resistant 6B-NPCs were then expanded polyclonally and used to generate protein lysates for western blot analysis of Switch protein expression. These cells were also used for differentiation studies (Supplementary Figure S1) . Cell stocks were frozen by cryopreservation in 10% dimethyl sulfoxide.
6B-NPCs were subsequently infected with vector 6D (6B6D-NPCs) and underwent a series of positive and negative FACS selection steps to obtain MFP-inducible cells with low basal activity. These steps had 6B6D-NPCs first processed through a negative selection step, whereby non-MFPtreated 6B6D-NPCs underwent FACS selection and only 6B6D-NPCs that were negative for fluorescence were collected; this negative selection was performed to remove cells with any constitutively active transgene expression (i.e., likely due to factors related to their vector integration sites). Cells then underwent a positive selection step, whereby cells were then treated with 10 − 8 M MFP for 3-4 days, and cells with positive DsRed/eGFP fluorescence were collected by FACS. FACS was performed using the FACSCalibur system and CellQuest software (BD Biosciences). These alternating negative and positive selection steps were then repeated until the cells had gone through six sorts. A seventh and final FACS sort was performed that was either negative ('stringent' protocol) or positive ('relaxed' protocol) and the resultant cell populations were analyzed for DsRed and eGFP fluorescence by flow cytometry using the BD LSRFortessa cell analyzer (BD Biosciences) to determine if these protocols affected baseline or inducible expression. 'Stringent' 6B6D-NPCs were used for all subsequent in vitro experiments, whereas 'relaxed' selected 6B6D-NPCs were used for in vivo studies (to have some minimal baseline expression of fluorophores to better localize placebo-treated 6B6D-NPCs in vivo).
Western blot analysis mNPCs were lysed with ice-cold RIPA buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with Complete Protease Inhibitor Cocktail Tablets (Roche, Mannheim, Germany). The lysates were centrifuged at 20 000 g for 20 min at 4°C. Protein samples were quantified by Bradford assay (Thermo Fisher Scientific, Rockford, IL, USA) and equals amounts were denatured for 5 min at 95°C in 4x sodium dodecyl sulfate sample buffer (0.25 M Tris-HCl (pH 6.8), 4% (w v
) glycerol, 20 mg ml − 1 bromphenol blue) (Life Technologies), and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein was then electrotransferred onto polyvinylidene difluoride membranes (Life Technologies). Membranes were subsequently blocked with 5% skim milk powder in TBS-T (Tris-buffered saline+0.1% Triton X-100) for 1h at room temperature and then incubated with primary antibody solution in 5% milk/TBS-T solution overnight at 4°C. The membranes were rinsed with TBS-T and were then incubated with peroxidase-conjugated goat anti-rabbit (or goat anti-mouse) secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature. The proteins were detected with Western Lighting Plus ECL chemiluminescence HRP substrate (Perkin-Elmer, Waltham, MA, USA). For additional relabeling, the membrane was stripped with ReBlot Plus Mild Antibody Stripping Solution (Millipore, Billerica, MA, USA) according to the manufacturer's instructions, and was then reincubated with primary antibody after blocking. Primary antibodies used (and their dilutions) were against nuclear factor-κB (1:1000; A632536; Abcam, Cambridge, MA, USA), DsRed (1:1000; 632496; Clontech Laboratories), eGFP (1:1000; A11122; Life Technologies) and β-actin (1:3000; A5316; Sigma-Aldrich). Results were similar with two to four repetitive cohorts. Relative protein quantifications were determined with ImageJ software (Bethesda, MD, USA) for each individual western blot.
Flow cytometry analysis 6B6D-NPCs exhibited MFP-inducible expression of the DsRed and eGFP transgenic fluorophores. Flow cytometry analysis was performed on the NPC populations to evaluate the relative fluorescence intensities (arbitrary units) of these fluorophores in each individual cell and across the cell populations. Briefly, NPCs were incubated in 2 ml of 0.05% trypsin (Life Technologies) in PBS for 15-20 min at 37°C and the reaction was stopped by the addition of 1 ml of murine neural progenitor cell (HyClone; GE Healthcare). Cells were then centrifuged and resuspended in 2 ml of 0.125 mg ml − 1 of DNase I (SigmaAldrich) in PBS and were incubated on ice for 10 min. Flow cytometry was performed with a BD LSRFortessa cell analyzer (BD Biosciences) using 10 000 cells as input for all experiments (before gating), and the FITC and PE filters were used to evaluate the eGFP and DsRed levels, respectively. FCS files were exported and converted to text files using flowCore 50 software (Heidelberg, Germany) (part of the Bioconductor 51 R package) in RStudio. 52 All samples were gated according to the following parameters: (1) Scatter plots of NPCs under our 'relaxed' and 'stringent' selection schemes were generated in RStudio. 52 All plots display the relative fluorescence intensity (arbitrary units) of eGFP (x axis) versus DsRed (y axis) for each cell on a log 10 scale. Evaluation of our 'stringent' selection strategy by western blot analysis and immunofluorescence indicated minimal or undetectable background levels of transgene (fluorophore) expression in the absence of MFP. As such, we used these guidelines to set a minimal fluorescence threshold value for a cell to be defined as being 'on'. This value was defined as the relative intensity below which 499.9% of untreated 'stringent' 6B6D-NPCs resided. This value was equal for both eGFP and DsRed (log 10 scale = 3.8 (arbitrary units)) and was used to evaluate the percent of the cell population that was above this value for each fluorophore (independently). We also used these metrics to evaluate the percent of the cell populations with positive fluorescence in several experiments. Last, we also graphed the distribution of the cell populations for both fluorophores using box-and-whisker plots for several flow cytometry experiments. Box-and-whisker plots were created in RStudio. 52 Briefly, box borders display the first and third quartile, or the 25th and 75th percentile, respectively, whereas the midline represents the second quartile or 50th percentile. Box whiskers were defined according to the default settings (i.e., the interquartile range ÷√n x 1.58); data points outside of this range (i.e., outliers) are shown as points on the graph. ) and grown in mNPC-media with or without MFP for 3 days. Coverslips were then rinsed with PBS and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 15 min at room temperature. Coverslips were then rinsed and stored in PBS. DsRed and eGFP fluorescence signals were antibodyamplified independently as both primary antibodies used were both generated from rabbit. Fixed coverslip cultures were permeabilized with 0.15% Triton in PBS for 10 min at room temperature on an orbital shaker, then rinsed and blocked in a solution of 5% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS for 30 min at room temperature. The blocking solution was then replaced with primary antibodies against eGFP (1:1000; A11122; Life Technologies) and DsRed (1:500; 632496; Clontech Laboratories) in a solution of 2.5% BSA/PBS-T (PBS+0.1% Tween-20) and the coverslips were allowed to incubate overnight at 4°C on an orbital shaker. Following incubation with primary antibody, the coverslips were rinsed 3x for 10 min with PBS-T and were blocked again, followed by incubation in AlexaFluor488 goat anti-rabbit (1:1000, A11034; Molecular Probes/Invitrogen, Eugene, OR, USA) and AlexaFluor594 goat anti-rabbit (1:1000, A11037; Molecular Probes/ Invitrogen) secondary antibodies in a solution of 2.5% BSA/PBS-T for 2 h at room temperature in the dark on an orbital shaker. Following incubation with secondary antibody, the coverslips were rinsed 3x for 10 min with PBS-T, and nuclei were counterstained using DAPI (4′,6-diamidino-2-phenylindole) according to the manufacturer's instructions (Sigma-Aldrich). Coverslips were mounted onto slides using Fluoromount-G mounting media (Southern Biotech, Birmingham, AL, USA).
Animal studies
Animals. Animal studies were performed to evaluate the in vivo activity of our MFP-inducible NPCs. This study was approved by the International Animal Care and Use Committee (IACUC) of Cedars-Sinai Medical Center.
Approximately 2-month-old male nude rats (Crl:NIH-Foxn1 rnu ; Charles River Laboratories, San Diego, CA, USA) were acclimated for several weeks at our facility before procedures. Six rats (divided into equal groups of placebo-or MFP-treated) were used for these studies, immunohistochemistry and imaging analysis (see below). Group sample size and analysis of which fluorophore (i.e., eGFP or DsREd) and which cell protocol (i.e., 'stringent' or 'relaxed') would result in the greatest effect size between groups was determined by comparing the cell proportions in the ON (+MFP) and OFF (− MFP) conditions in vitro (Figures 3b and c) . It was determined that evaluating the DsRed signal from cells derived from the 'relaxed' protocol would result in the greatest effect size, with the smallest group size (N = 3) needed to achieve Power of 0.8 with a predicted Type 1 error rate (α) of 0.05. Similar analyses demonstrated 6-13 animals per group would be required to detect an effect with the eGFP signal or with cells derived from the 'stringent' protocol; as such, we chose to evaluate the inducible expression of DsRed in vivo from cells derived form the 'relaxed' protocol as this limited the number of live animals required for this proof-of-principle study. Twenty-one-day timed-release pellets containing either placebo or 31 mg MFP (Innovative Research of America, Sarasota, FL, USA) were used to evaluate the in vivo activity of our MFPinducible NPCs.
Surgical preps. For both pellet implantations and cell transplantation surgeries, rats were anesthetized by continuous inhalation of isofluorane and were administered subcutaneous injections of carprofen (5 mg kg −1 ) and buprenorphine (0.05 mg kg − 1 ) for postoperative analgesia. Rats were shaved on the neck and head regions for the pellet implantations and cell transplantations, respectively.
Pellet implantations. A single pellet (MFP or placebo) was placed under the animal's skin by subcutaneous implantation on the lateral side of the neck between the ear and the shoulder according to the pellet manufacturer's instructions. The site was then closed with a single surgical staple. Randomization of animals for group assignments was not used, animals were assigned to groups in pairs so that rats cohoused would receive the same treatment; this setup was important to diminish the chance that MFP exposure could occur via fecal-oral exposure. Three days after the pellet implantations, the rats were prepped for cell transplantation surgeries.
Cell preparation. 6B6D-NPCs derived from the 'relaxed' protocol were split into two groups: (1) 'Non-Pretreated' cells were grown for at least 1 week without MFP, and (2) 'MFP-Pretreated' cells were grown for at least 1 week in the presence of 10 − 8 M MFP. Cells were trypsinized by the addition of 5 ml TrypLE solution (Invitrogen, and so on) and were allowed to incubate for 15 min at 37°C. Cells were resuspended in basal media, pelleted by centrifugation (200 g for 5 min) and were treated with 2 ml of 0.125 mg ml − 1 of DNase I (Sigma-Aldrich) in PBS for 10 min. Cells were again pelleted by centrifugation, resuspended in basal media and were pushed through a 40 μm filter by pipette. Viable cells were counted using a hemocytometer and Trypan Blue stain, and cells were pelleted again by centrifugation and resuspended in Hibernate-E media (Gibco, Life Technologies, site; Carlsbad, CA, USA) at a final concentration of 200 000 cells per μl. Cells were kept on ice before and during cell transplantation surgeries.
Cell transplantation surgeries. Animals were prepped for surgery as described previously. Although under continuous anesthesia, rats were secured for stereotactical injections. Each rat received bilateral transplants into the striatum/brain, 1, 23 one at site AP − 0.6, ML +2.6, DV − 5.0 and another at site AP − 0.6, ML − 2.6, DV − 5.0, for a total of two injections per rat (i.e., one per hemisphere). A 10 μl Hamiton syringe with beveled 27G needle was lowered 5.5 mm from dura, and retracted 0.5 mm to create a 'pocket' for the cells. Two microliter of cells (400 000 cells total) were injected over 2 min, and the needle was retracted after an additional 2 min wait period. This procedure was then repeated in the contralateral hemisphere. 'Non-Pretreated' 6B6D-NPCs were injected into the left hemisphere of each rat, whereas 'MFP-Pretreated' 6B6D-NPCs were injected into the right hemisphere of each rat. Surgical site was closed by discontinuous suturing with Monocryl 4-0 absorbable sutures, and animals were monitored postoperatively and for the duration of the study for side effects. The presence of side effects and/or encapsulation of the MFP pellet (which could affect drug absorption) was used as the exclusion criteria for this study; however, no animals were observed to have side effects or encapsulation of the MFP pellet; therefore, no animals were subsequently excluded.
Terminal sacrifices. Ten days after cell transplantation surgeries, rats were humanely killed by cardiac perfusion following intraperitoneal injections of anesthesia (100 mg kg − 1 ketamine and 10 mg kg − 1 xylzine). Animals were perfused with PBS followed by 4% paraformaldehyde. Brains were then manually removed and were fixed in 4% paraformaldehyde for an additional 24 h, followed by storage in a 20% sucrose solution at 4°C. Blinding was not used during group assignment and/or assessment of brains by immunohistochemistry.
Immunohistochemistry
Brains were sectioned at 30 μm using a modified Leica SM 2010R microtome, and sections were stored in 30% sucrose, 30% ethylene glycol, in 0.1 M phosphate buffer) at − 20°C before immunohistochemistry. All staining procedures were performed while sections were in liquid suspension, before mounting on coverslips/slides. All permeabilization and antibody staining steps were performed in 48-well plates and washing and blocking steps were performed in 12-well plates.
Brain sections were rinsed 3x with Dulbecco's PBS, then permeablized with 0.15% Triton X-100 in PBS (PBS-T) for 30 min at 37°C and finally blocked with 5% BSA in Dulbecco's PBS for 30 min at room temperature. Sections were then incubated with an anti-nestin antibody (1:100, MAB353; Chemicon Millipore, Billerica, MA, USA) and an anti-DsRed (1:500, 632496; Clontech) in 2.5% BSA/PBS-T for 30 min at 37°C and then overnight at 4°C on an orbital shaker. Following this incubation, the sections were rinsed 3x for 10 min with PBS-T and were blocked again as described previously, followed by incubation with AlexaFluor488 goat anti-mouse IgG (1:1000, A-11001; Molecular Probes/Invitrogen) and AlexaFluor594 goat anti-rabbit (1:1000, A11037; Molecular Probes/Invitrogen) secondary antibodies in 2.5% BSA/PBS-T for 2 h at room temperature on an orbital shaker in the dark. The sections were rinsed 3x for 10 min with PBS-T followed by nuclei counterstaining with
